Introduction
Metal substitution reactions have been utilized in conventional hydrometallurgical processes as a cementation processing for ore leaching. 1, 2) Recently, such reactions have been also applied to pretreatment processes of nickel coating for sintering 3) or enameling. 4) Pretreatment processes strongly require control of surface morphology and coating rate for good performance, and imposition of magnetic field is known to be effective for improving surface conditions [5] [6] [7] and for obtaining high reaction rate, because of the micro MHD effect. 8) During the substitution of metallic ions dissolved in a solution with atoms in a solid metal, electrons moving from atoms to ions form small electric current loops. According to the interaction between the current loops and the magnetic field, microscopic Lorentz forces appear around the reaction sites. This micro MHD effect can promote reaction rates of various pretreatment processes, and this effect becomes large under an intense magnetic field.
Under an intense magnetic field, magnetization force also plays a significant role in obtaining good performance of coating film. The magnetization force is given as the product of the intensity of magnetic field and its gradient. According to the substitution reaction, the ionic concentration in the vicinity of the metal surface differs from that in the bulk solution, and this difference produces natural convection and magnetic convection around the metal surface by virtue of differences in density and magnetic susceptibility. The flow pattern around the metal surface is altered by the interaction of natural convection and magnetic convection, which appears under imposition of intense magnetic field, and this suggests the possibility of obtaining good surface morphology and high reaction rate.
In this study, basic phenomena of the substitution of ions with atoms under intense magnetic field were investigated using copper(II) sulfate solutions and iron or zinc plates. First, the magnetization forces in iron sulfate solution, zinc sulfate solution and copper(II) sulfate solution were measured, and then the dissolution rate of solid iron or solid zinc in copper(II) sulfate solution was measured. The results of these experiments will serve as the basis for discussing the effect of magnetic field on the dissolution rate from the standpoint of the magnetization force for iron sulfate solution, zinc sulfate solution and copper sulfate solution.
Experiments

Measurements of Magnetization Force
The magnetization force acting on each solution depends on the magnetic susceptibility of the solution. The magnetization force for iron sulfate solution, zinc sulfate solution and copper sulfate solution under the imposition of intense Metal substitution reaction between solid metal and ionic solution occurs according to ionization tendency. In these reactions, the micro MHD effect and magnetic convection can affect the reaction rate under imposition of an intense magnetic field.
In this study, the effects of a magnetic field up to 5 T and its gradient on the metal substitution reaction of copper(II) sulfate solution with solid iron or solid zinc were investigated. Both the micro MHD effect and magnetic convection can affect the reaction rate. The micro MHD effect, which promotes the metal substitution reaction, appears more strongly for zinc than for iron, because the ionization tendency of zinc is higher than that of iron. Magnetic convection can promote or suppress the natural convection around the metal surface in the solution. For the system of solid iron in the solution, natural convection, which is induced by the buoyancy of iron-rich solution around the solid iron, is suppressed by downward magnetic convection, because iron ions are paramagnetic, and is promoted by upward magnetic convection. In contrast, zinc ions are diamagnetic, and the effect of magnetic convection around solid zinc is opposite the effect around solid iron.
magnetic field was measured by using of an electronic balance. Figure 1 shows the schematic view of the experimental apparatus. A glass cell (18 mmfϫ50 mm) was suspended by a string from the electronic balance, which was placed above a super-conducting magnet. The position of the balance was sufficiently far from the magnet to avoid influence of the magnetic field on the measuring system, and the cell was set at the position of the maximum magnetization force. Experimental conditions are listed in Table  1 .
Magnetization force in this configuration is derived as Eq. (1).
In Eq. (1), the z-axis is the downward direction, c is magnetic susceptibility, and m 0 is magnetic permeability in a vacuum. The specimen was placed at the position where the magnetic field gradient was positive so that the magnetization force appeared in the downward direction for a material having positive magnetic susceptibility. In these experiments, apparent weight of the solution defined by Eq. (2) was measured. Figure 2 shows typical results of the apparent weight. Because iron ions have positive magnetic susceptibility, the solution cell was pulled downward toward the center of the magnet. As shown in Fig. 2 , by virtue of this magnetization force, the apparent weight of iron sulfate solutions increased under imposition of the magnetic field. In contrast, the apparent weight of zinc sulfate solutions, which have negative magnetic susceptibility, decreased under imposition of the magnetic field.
Because the glass cell itself has also been subjected to upward magnetization force as shown in Fig. 2 , substantial weight for each specimen can be defined as Eq. (3). Figure 3 shows the substantial weight for each specimen. The increment of the substantial weight for an iron sulfate solution is larger than the decrement of the substantial weight for a zinc sulfate solution, because the magnetic susceptibility for iron ions is greater than that of zinc ions and the sign of magnetic susceptibility of iron ions is opposite that of zinc ions. The results show that for each solution weight change becomes greater with increasing concentration. This is because the magnetization force depends on volumetric magnetic susceptibility.
The magnetization force evaluated from Eqs. (1)- (3) is plotted in Figs. 4 and 5. By use of Eq. (1), a measured value in the figure can be used to calculate volumetric magnetic susceptibility for each solution, and Table 2 lists the averaged value of magnetic susceptibility for a concentration of 0.1 mol/l. The volumetric magnetic susceptibility of water was also measured, and a value of 9.2ϫ10 Ϫ6 (Ϫ) in SI units was obtained. This value is almost the same as the value of 9.04ϫ10 Ϫ6 (Ϫ) in SI units, which was calculated from the value in literature.
9) The magnetic susceptibility of iron sulfate is positive, and therefore iron sulfate is considered a paramagnetic solution. Meanwhile, zinc sulfate and copper sulfate solutions are considered diamagnetic. Curves plotted in Figs. 4 and 5 , show values of magnetization force re-calculated from the data in Table 2 . The behavior of magnetization forces is found to coincide with the theory expressed by Eq. (1). 
Substitution Reaction Rate
Magnetic convection appears in ionic solution at the position of the magnetic field gradient due to the magnetization force. This convection can promote the reaction rate of the substitution of ions with atoms. In these experiments, the reaction rate of an iron plate or a zinc plate in the copper(II) sulfate solution was measured under imposition of an intense magnetic field. Figure 6 shows the schematic view of an acrylic reservoir used in the experiments. As shown in Fig. 6 , an iron plate or a zinc plate was strongly affixed on the holder and was dipped in the copper(II) sulfate solution. This reservoir was set in the super-conducting magnet bore as shown in Fig. 7 . After dipping for a prescribed time, the concentration of iron ions or zinc ions in the solution was measured by an ICP spectrometer. The profile of the magnetic field and its gradient are shown at the respective sides in the figure. At points P, the gradient of the magnetic field is zero, and therefore magnetic convection did not appear. On the other hand, maximum magnetization force was present at points Q and QЈ, where strong convection can be expected. The direction of the magnetization force at point Q is opposite that at point QЈ.
In all experiments, the direction of the magnetic field is parallel to the surface of the metal plate as shown in Fig. 6 . Table 3 lists the experimental conditions. The reaction rate of the substitution of ions with atoms is promoted by the micro MHD effect, magnetic convection, and natural convection. Figures 8 and 9 show the transitional changes of zinc ions or iron ions in a copper(II) sulfate solution. The slope of plotted data is considered to represent dissolution rate, which is found to be constant. The dissolution rate of zinc was greater than that of iron, and depends on the copper sulfate concentration, because the ionization tendency of zinc is greater than that of iron. As shown in Fig. 8 , the dissolution rate increases with the concentration. The dissolution rate is strongly affected by the micro MHD effect, which is considered to be proportional to the substitution reaction; therefore, as shown in Fig. 9 , imposition of the magnetic field promotes the dissolution rate of zinc plates more strongly than that of iron plates. Figure 10 shows the concentrations of zinc ions or iron ions in the copper sulfate solution at various position of the reservoir after 10 min dipping under imposition of a 5 T magnetic field. At point P, no magnetic convection is expected, but the micro MHD effect and natural convection can promote the reaction rate. At points Q and QЈ, the effect of magnetic convection also appears. In the case where the magnetization force is opposite the buoyancy force, nat- Table 3 . Experimental conditions for measuring the substitution reaction rate. ural convection would be suppressed. As indicated at point QЈ for zinc and at point Q for iron, dissolution is suppressed, so that the concentration becomes smaller than the value at point P, where magnetic convection does not appear. In contrast, in the case where the direction of the magnetic force is the same as that of the buoyancy force, the convection becomes strong, causing high dissolution rate, as indicated at point Q for zinc and at point QЈ for iron.
Discussion
The results of these experiments indicate that the micro MHD effect always promotes the reaction rate, and the magnetic convection can promote or suppress the reaction rate, depending on the direction of the magnetization force. The micro MHD effect depends on the substitution reaction itself, because microscopic Lorentz force, which is generated by the interaction of electric current loops arising from the substitution reaction with imposed magnetic field, disturbs the microscopic region around the metal surface. The micro MHD effect is proportional to the substitution reaction; the dissolution rate of zinc, which has a higher ionization tendency than that of iron, becomes greater than that of iron. Figure 11 shows the effect of magnetic field on the dissolution rate for iron plates. At both points P and Q, the dissolution rate increases with magnetic field intensity, by virtue of the micro MHD effect. However, in the case of 5 T, the rate decreases at point Q. This suggests that the magnetization force suppresses the natural convection in the vicinity of the metal surface.
According to the substitution reaction, the concentration of iron ions becomes higher than that in bulk liquid. Because the density of an iron sulfate solution is lower than that of a copper sulfate solution, natural convection appears as shown in Fig. 12(a) . The magnetization force for an iron sulfate solution appears in the downward direction at point Q because of paramagnetic property, and therefore imposition of an intense magnetic field weakens the natural convection. Natural convection appears weakly for zinc sulfate solutions, because the difference in the density is very small. As shown in Fig. 12(b) , the direction of magnetization force in zinc sulfate solution is opposite the direction in iron sulfate solution, because of diamagnetic property. The effect of magnetization force appears in a manner contrary to that shown in Fig. 10 . As indicated in Fig. 5 , the magnetization force is weak in zinc sulfate solutions, but as shown in Fig. 10 , the increment of dissolution rate for zinc is almost the same as the decrement for iron. This is because the micro MHD effect strongly depends on the flow pattern around the metal surface.
The results of Fig. 11 indicate that the micro MHD effect under a magnetic field of 5 T can increase the dissolution rate by a factor of 4 or 5 times in the case of 0.1 mol/l solutions. Additionally, magnetization force can promote or suppress the dissolution rate by about 15-20 % the value attained with only the micro MHD effect.
Figures 13 and 14 show the surface morphologies of the reacted plates in 0.1 mol/l solutions under imposition of a 5 T magnetic field. In these figures, the magnetic field is parallel to the metal surface. For zinc plates, point P and point Q exhibit no difference, because, as shown in Fig. 14 , the micro MHD effect is dominant for dissolution behavior. In contrast, as shown in Fig. 13 , the surface becomes very smooth for iron plates at point Q under imposition of an in- tense magnetic field. Under this condition, natural convection is suppressed by the magnetization force, and dissolution rate becomes small preventing the surface from forming a dendritic structure.
Conclusions
A metal substitution reaction between solid metal and ionic solution is affected by both micro the MHD phenomena and magnetic convection. For the systems of iron-copper(II) sulfate solution and zinc-copper(II) sulfate solution, the following results are obtained.
(1) The micro MHD effect is strong in the zinc system, because the ionization tendency is high.
(2) The magnetization force of an ionic solution depends on the magnetic susceptibility of solute for each solution.
(3) The effect of magnetic convection is significant for both iron and zinc systems even in the presence of the micro MHD effect.
(4) Substantial force acting on the liquid adjacent to the metal surface is affected by the magnetization force and by the buoyancy force, which implies that imposition of a magnetic field can alter natural convection. 
